Chloroplast RNA metabolism depends on a multitude of nuclear-encoded RNA-binding proteins (RBPs). Most known chloroplast RBPs address specific RNA targets and RNA-processing functions. However, members of the small chloroplast ribonucleoprotein family (cpRNPs) play a global role in processing and stabilizing chloroplast RNAs. Here, we show that the cpRNP CP33A localizes to a distinct sub-chloroplastic domain and is essential for chloroplast development. The loss of CP33A yields albino seedlings that exhibit aberrant leaf development and can only survive in the presence of an external carbon source. Genome-wide RNA association studies demonstrate that CP33A associates with all chloroplast mRNAs. For a given transcript, quantification of CP33A-bound versus free RNAs demonstrates that CP33A associates with the majority of most mRNAs analyzed. Our results further show that CP33A is required for the accumulation of a number of tested mRNAs, and is particularly relevant for unspliced and unprocessed precursor mRNAs. Finally, CP33A fails to associate with polysomes or to strongly co-precipitate with ribosomal RNA, suggesting that it defines a ribodomain that is separate from the chloroplast translation machinery. Collectively, these findings suggest that CP33A contributes to globally essential RNA processes in the chloroplasts of higher plants.
INTRODUCTION
The genomes of angiosperm chloroplasts harbor about 120 genes, most of which encode proteins that contribute to photosynthesis or are required for chloroplast gene expression. Transcription is carried out by two types of RNA polymerases: plastid-encoded RNA polymerase (PEP) is predominantly responsible for expressing genes that encode proteins of the photosynthetic machinery (Weihe et al., 2012) , whereas nuclear-encoded RNA polymerases (NEP) predominantly govern the transcription of many genes encoding components of the genetic apparatus, such as the ribosome. Most chloroplast genes are organized in operons, which are transcribed as long polycistronic RNAs and undergo a multitude of RNA processing steps. Numerous nuclear-encoded RNA-binding proteins (RBPs) are imported into chloroplasts, where they function in RNA splicing, RNA editing, RNA stabilization and protein translation (Barkan, 2011) . RBPs may be classified by their specificity for selected transcripts, and recent studies have revealed that many RBPs are highly specific for the maturation of selected chloroplast RNAs. For example, the pentatricopeptide repeat (PPR) proteins have been demonstrated to attach to a few RNAs and support certain steps in the RNA processing of their cognate transcripts (Barkan and Small, 2014) . To date, more than a hundred PPR proteins have been predicted to pursue such highly specific functions in chloroplasts. Many of the other chloroplast RBPs that have been comprehensively analyzed for their RNA targets appear to behave in a similar fashion, in that they are highly transcript specific and dedicated to a single task. Examples include an mTERF protein (Hammani and Barkan, 2014) , a DEAD box helicase (Asakura et al., 2012) , PORR proteins (Kroeger et al., 2009) , several CRM proteins (Schmitz-Linneweber et al., 2005; Asakura and Barkan, 2007) , an RNase II domain protein (Watkins et al., 2007) , WTF-domain proteins (Kroeger et al., 2009) and Whirly domain proteins (Prikryl et al., 2008; Melonek et al., 2010) . Although other chloroplast RBPs have not yet been subjected to transcriptome-wide analyses of their ligands, the chloroplast defects described to date for their mutants suggest that they, too, perform highly specific functions (e.g. Lezhneva and Meurer, 2004; Watkins et al., 2011; Hammani et al., 2012) . Evolution may have favored the proliferation of transcript-specific RBPs, and it has been hypothesized that the known slow mutational degradation of chloroplast genetic information could be countered by the evolutionary invention of nuclearencoded RBPs that suppress detrimental mutations at the RNA level (Maier et al., 2008) .
The RNA-specific factors may dominate the chloroplast transcriptome in terms of their sheer numbers, but the more generally acting RBPs are more abundant and similarly important. Some of these more general factors (e.g. RNases and the ribosome) appear to have been inherited from the ancestral endosymbiont. Given their functions, such enzymatically active proteins and protein complexes naturally interact with a large number of RNA substrates (Stoppel et al., 2012; Germain et al., 2013; Zoschke et al., 2013) . An example for this is CSP41, which is an extremely abundant endonuclease that has been associated with numerous RNA ligands and various gene-expressionrelated functions (Yang et al., 1996; Bollenbach et al., 2009; Qi et al., 2011) . In contrast to the large number of general RBPs found in the nucleo-cytosolic compartment, however, surprisingly few non-enzymatic chloroplast RBPs have been associated with large target ranges to date (Dreyfuss et al., 2002) . Two examples of such general chloroplast RBPs are CP31A and CP29A, which belong to a small family of 10 RBPs called the chloroplast ribonucleoproteins (cpRNPs; Ohta et al., 1995; Ruwe et al., 2011) . The cpRNPs are all predicted to be localized to chloroplasts, where they are believed to bind RNA via their two RNA recognition motifs (RRMs). The abundant cpRNPs and ribosomes are found in similar per-chloroplast numbers (Nakamura et al., 2001) , and the cpRNPs are strongly responsive to various external and internal signals, including light and temperature (Ruwe et al., 2011; Kupsch et al., 2012) . Such signals affect both the abundance and the modification state of cpRNPs (Li and Sugiura, 1990; Schuster and Gruissem, 1991; Churin et al., 1999; Wang et al., 2006; Kleffmann et al., 2007; Kupsch et al., 2012) .
Most of the functional studies performed to date have focused on the ability of cpRNPs to modify RNAs in vitro, where selected cpRNPs have been shown to function in RNA editing (Hirose and Sugiura, 2001) , support the generation of the 3 0 -ends of several chloroplast mRNAs (Schuster and Gruissem, 1991; Hayes et al., 1996; Nakamura et al., 2001 ) and protect RNAs against degradation (Nakamura et al., 2001) . Genetic studies have demonstrated that the Arabidopsis cpRNP CP31A supports RNA editing and stabilizes a number of transcripts under normal growth conditions (Tillich et al., 2009) . More recently, CP31A and CP29A were shown to have specific functions during cold exposure, where they prevent the degradation of numerous chloroplast mRNAs (Kupsch et al., 2012) . Plants that lack these proteins fail to develop normal chloroplasts in the cold. In line with their profound effect on the stability of chloroplast mRNAs, CP29A and CP31A have been demonstrated to associate with a large set of proteinencoding chloroplast transcripts. Thus, unlike the transcript-specific RBPs, cpRNPs appear to be generalist RBPs.
Here, we present our genetic and biochemical analysis of a third member of the cpRNP family, CP33A. CP33A is a paralog of CP31A and CP29A with a similar domain organization, but has otherwise not been functionally studied to date (Ruwe et al., 2011) . We demonstrate that CP33A has an even larger capacity to associate with mRNAs than CP31A and CP29A, and that it is essential for the development of the photosynthetic apparatus and the plant itself.
RESULTS
cp33a null mutants fail to establish seedlings on soil, but survive on sucrose as albinos with aberrant leaf development CP33A is a 35-kDa protein with a short acidic domain and two RRM domains (Figure 1a) . To examine the possible function of CP33A in chloroplast RNA metabolism, we obtained three Arabidopsis T-DNA insertional alleles (Figure 1b) that were confirmed by genomic PCR analysis with gene-specific primers ( Figure S1 in the Supporting Information). Lines cp33a-2 and cp33a-1 represent T-DNA insertions upstream of the reading frame within the untranslated region and within the third exon inside the reading frame, respectively, while line cp33a-3 carries a T-DNA insertion that replaces the entire reading frame of CP33A.
When seeds from heterozygous plants were sown on soil, only fertile green plants were obtained from cp33a-1 and cp33a-3 allelic lines. These plants were all wild-type (wt) or heterozygous for the respective insertion, indicating that homozygous plants suffered embryonic or early seedling lethality. In contrast, homozygous cp33a-2 lines were readily obtained and were phenotypically indistinguishable from wt plants. To determine if the cp33a-1 and cp33a-3 lines could be rescued by tissue culture, we germinated them on media containing sucrose, vitamins and salts. Under these conditions, roughly a quarter of cp33a-1 and cp33a-3 plants displayed strong growth retardation, abnormal development and albinism (Figure 1c ). These aberrant seedlings were determined by PCR to be homozygous for their respective mutations ( Figure S1 ). Even after 5 weeks of growth on sucrose-containing medium, the albino plantlets did not grow beyond a few millimeters (excluding the roots). Their leaves were highly aberrant, showing a lack of symmetry and limited blade expansion. The wt plants germinated on medium under the same conditions were already flowering by this point (Figure 1c ). The two independent cp33a lines displayed identical phenotypes, strongly suggesting that the observed phenotypic defects were caused by the loss of CP33A expression.
We next raised two antibodies targeting CP33A, one against a peptide overlapping with the C-terminal region of the second RRM domain (peptide 'a' in Figure 1a ) and the other against a peptide at the very C-terminus (peptide 'b' in Figure 1a ). Antiserum 'a' worked best in Western blot experiments but proved to be unsuitable for immunoprecipitation, whereas antiserum 'b' could be used to precipitate CP33A (see below). We probed total leaf protein extracts of homozygous and heterozygous cp33a-1 and cp33a-3 lines with antiserum 'a'. No signal was found in lysates from homozygous plants, demonstrating that they carried loss-of-function alleles (Figure 1d ). The absence of the relevant specific signal in the knockout lines, along with the general absence of other signals, suggests that the generated antibody was specific for CP33A ( Figure 1d) . Notably, heterozygous plants showed a signal reduction relative to the wt (Figure 1d ), even though there was no apparent phenotypic difference.
CP33A is expressed early in seedling development and is a stromal protein
The strong inhibition of seedling development in CP33A-knockout plants suggests that CP33A is expressed early during plant development. We therefore monitored CP33A in seeds and young tissues after imbibition. Total protein extracts exhibited CP33A expression beginning on day 1 post-imbibition, with stronger signals observed later during germination (Figure 2a) . At 3 days post-imbibition, a second, smaller protein was detected, perhaps representing a degradation product of CP33A. Comparison of leaves of different ages from 20-day-old plants showed that the accumulation of CP33A was constant over time (Figure 2a, b) . Together, these findings suggest that CP33A is particularly relevant during early plant development, both within the seed and during germination.
A previous study used in vitro import experiments to demonstrate that Arabidopsis CP33A localizes to chloroplasts (Ohta et al., 1995) . We confirmed this in vivo by isolating chloroplasts, fractionating them into membrane and soluble protein fractions, and probing the fractions with our anti-CP33A serum. Our results revealed that the majority of CP33A was free in the stroma, whereas only a minor signal was found in the membrane faction (Figure 2c ). This is in line with the results of a similar cell fractionation experiment done for the tobacco ortholog of Arabidopsis CP33A, CP33 (Ohta et al., 1995) , which was also found to localize predominantly to the stromal fraction (Nakamura et al., 1999) .
To further examine the sub-organellar distribution of CP33A, we expressed a CP33A-GFP fusion protein in protoplasts prepared from a cell culture of Arabidopsis and studied the localization of the recombinant protein by fluorescence microscopy. GFP fluorescence was observed within the chloroplasts in areas distinct from chlorophyll autofluorescence (Figure 3a-f) , indicating a stromal location consistent with the results of our cell fractionation analyses. Notably, much of the GFP fluorescence was concentrated in punctate aggregates reminiscent of plastid nucleoids. Since several proteins involved in plastid RNA metabolism were previously localized to chloroplast nucleoids (Majeran et al., 2011) , we speculated that CP33A-GFP might also associate with nucleoids. To test this, we co-transfected CP33A-GFP with a second vector expressing the plastid envelope DNA-binding (PEND) protein as a dsRed fusion protein. PEND binds to plastid DNA and can be used as a marker for plastid nucleoids (Terasawa and Sato, 2005) . Interestingly, the two signals showed little to no overlap. This was very different when we tested for co-localization with another cpRNP, CP31A (At4g24770). Here, a large, but not complete, overlap of the fluorescence signals was observed ( Figure S2 ). While these data tentatively suggest that CP33A-GFP localizes to a chloroplast stromal domain distinct from nucleoids, but overlapping with a general RNA metabolism domain, effects of the fluorescence tags and the artificial promoter used cannot be excluded at present.
CP33A associates with most chloroplast mRNAs
We used the RNA coimmunoprecipitation and chip hybridization (RIP-Chip) technique to assay the RNA ligands of CP33A on a transcriptome-wide scale. Briefly, RNAs immunoprecipitated with anti-CP33A were fluorescently labeled and hybridized to a microarray that covered the entire chloroplast genome of Arabidopsis in a tiling fashion (Schmitz-Linneweber et al., 2005) . Given our observation that CP33A was predominantly localized in the soluble chloroplast fraction, we precipitated the protein from stroma prepared from purified chloroplasts. As a control, we performed mock precipitations from the same stroma using pre-immune serum. As expected, no CP33A signal was detected in the mock precipitant ( Figure S3 ). In contrast, the precipitation of CP33A was found to be remarkably efficient, with little non-precipitated protein remaining in the supernatant ( Figure S3 ). RNAs were extracted from the pellet and supernatant fractions of each immunoprecipitation experiment, and labeled with red or green fluorescent dyes. The labeled pellet and supernatant RNAs were hybridized onto the Arabidopsis chloroplast chromosome microarray (Data S1). Three biological replicates were performed for each immunoprecipitation (experimental and control).
We observed that large parts of the chloroplast transcriptome were enriched by anti-CP33A compared with the pre-immune control. Entire operons appeared to be enriched, including the psbD/C operon, the atpA operon, the ndhA operon and the psbE operon ( Figure 4a , Data S1). In fact, very few regions of the chloroplast genome failed to show enrichment in CP33A immunoprecipitants versus controls. The regions underrepresented in our immunoprecipitations corresponded to tRNAs and rRNAs. The overall strong enrichment of RNA was also supported by our visual inspection of the microarray scans (Figure S4A ), which displayed strong signals for many probes for the red fluorescence channel, corresponding to the RNA retrieved from pellet fractions. These findings demonstrate that CP33A has a large RNA target range, and that a large fraction of all chloroplast mRNAs associate with CP33A under the studied conditions.
To confirm and quantify the RNAs bound by CP33A, we performed dot-blot assays of selected RNAs. Equal aliquots from pellets and supernatants of CP33A and mock immunoprecipitations were dot blotted onto nylon membranes and hybridized with radiolabeled RNA probes. The two negative controls, tRNA-Q and 5S rRNA, failed to show enrichment in dot blots (Figure 4b ), which is in line with the results from our RIP-Chip analysis. All the tested mRNAs co-precipitated with CP33A. Our mock controls, which were run with pre-immune serum or purified immunoglobulins (IgGs), failed to enrich the target RNAs in the pellet fractions, as expected. The use of pre-immune serum markedly reduced the levels of RNA detected in the supernatant fractions, even though we used equal amounts of input material. This may reflect RNase contamination in the pre-immune serum. The level of RNA in the supernatant was not altered when IgGs were used as the negative control ( Figure S4B ), and a negative-control RIPChip analysis yielded results that were very similar to those obtained using pre-immune serum ( Figure S4C , Data S2). Importantly, our dot-blot experiments showed that, consistent with the results of our RIP-Chip experiments, a variety of mRNAs are enriched in CP33A immunoprecipitants. Substantial amounts of each assayed mRNA were found in the immunoprecipitated pellets, with psbA showing the lowest level of enrichment and rbcL and psbF showing the highest levels of enrichment. The latter two were found at greater proportions in the immunoprecipitation pellets than in the supernatants, indicating that most of the available transcripts for each were associated with CP33A.
Together, our results demonstrate that CP33A associates with a large fraction of the chloroplast mRNA pool.
Global loss of chloroplast proteins in CP33A-null mutants
Since the albino phenotype of the null mutants suggested that there was a failure in the biogenesis of the photosynthetic apparatus, we used immunoblot analysis to examine the accumulation of selected subunits of the photosynthetic complexes in cp33a mutants. As would be expected for albino mutants, the chloroplast-encoded proteins were greatly reduced and the overall pattern of protein accumulation strongly resembled that of plants in which chloroplast translation had been blocked ( Figure S5A ).
Albino tissue is characterized by multiple secondary effects that reflect the loss of photosynthesis; this renders such samples unsuitable for studies that focus on protein accumulation. Therefore, in an effort to uncover primary defects in protein accumulation, we focused on hypomorphic mutants with reduced expression of CP33A. We used plants that carried the cp33a-3 null allele plus the cp33a-2 allele (harboring a T-DNA insertion upstream of the transcriptional start site). These plants exhibited a more than threefold reduction of CP33A accumulation (Figure S5B ), but were phenotypically similar to wt plants.
Immunoblotting revealed that the subunits of photosystem I, photosystem II, the cytochrome b 6 f complex and RuBisCo all accumulated similarly in hypomorphic and wt plants ( Figure S5C ). Thus, the amount of CP33A produced in these lines appears to be sufficient to maintain normal expression levels for components of the photosynthetic machinery.
CP33A is not part of any chloroplast polysome
Given the global association of CP33A with mRNAs and the global loss of chloroplast proteins in its mutants, we hypothesized that CP33A might generally contribute to the functioning or biogenesis of the translational machinery in chloroplasts. We thus tested whether CP33A could associate with polysomes as a potential general translation factor. Seedling leaf lysates were prepared under conditions previously shown to maintain intact polysomes (Barkan, 1993) and then size-fractionated using analytical sucrose gradients. RNA and proteins were extracted from each fraction and analyzed by agarose gel electrophoresis and PAGE, respectively. As shown in Figure S6 , CP33A was restricted to the low-density fractions and did not co-elute with the rRNAs found in the high-density fractions (fractions 5 and higher; representing intact polysomes) (Figure S6) . This suggests that CP33A is not an intrinsic factor of chloroplast polysomes.
Global loss of RNA accumulation and RNA processing in cp33a null mutants
As cpRNPs have been demonstrated to stabilize chloroplast messages in vitro (Nakamura et al., 2001 ) and in vivo (Tillich et al., 2009; Kupsch et al., 2012) , we assessed global accumulation of chloroplast RNA. quantitative RT-PCR was used to examine amplicons representing each proteinencoding and rRNA gene throughout the transcriptome. Since the mutants studied in the present work were albinotic, we used spectinomycin-treated plants as a phenocopy control. Spectinomycin blocks chloroplast translation, and thus disrupts the expression of PEP genes to yield defects in chloroplast transcription. Plants treated with this agent showed cotyledon development similar to wt plants but resembled our mutants in their loss of chlorophyll (Figure S7 ). In comparison with wt plants, the spectinomycintreated seedlings displayed strong reductions in a large set of chloroplast mRNAs ( Figure 5 ). This included almost all of the mRNAs encoding components of the photosynthetic machinery, such as photosystem I, photosystem II, the The data used to generate theses graphs are presented in Data S1. The top peaks and RNAs that were used in our dot-blot analysis (bold) are indicated at the top. As negative controls, we used trnQ and the 5S rRNA.
(b) The RIP-Chip results in (a) were validated by dot-blot analysis. RNAs were isolated from the supernatant (S) and precipitant (P) fractions, spotted onto a nitrocellulose membrane and hybridized with the radiolabeled RNA probes (Table S1) cytochrome b 6 f complex, ATP synthase and the NDH complex. These genes are predominantly driven by the plastidencoded RNA polymerase PEP (Allison et al., 1996; Hajdukiewicz et al., 1997; Legen et al., 2002) . PEP also drives the rRNA-encoding genes, which were also strongly reduced in spectinomycin-treated plants. In contrast, most mRNAs for the genetic apparatus and protein homeostasis, including ribosomal proteins, clpP, matK and the rpogenes, showed increased levels in treated plants relative to wt seedlings. A previous report suggested that the differential accumulations of the PEP and NEP mRNAs in albino plants may reflect the translational-blockade-induced loss of PEP and the concomitant overexpression of NEP under altered chloroplast development (Weihe et al., 2012) . We observed a similar effect in albino cp33a mutants. Indeed, the overall pattern of changes relative to wt was largely identical between spectinomycin-treated and cp33a-mutant plants ( Figure 5 ), except that the curve representing the RNA levels was down-shifted in cp33a plants relative to spectinomycin-treated plants. Of the 76 RNAs analyzed, 62 were reduced in cp33a mutants versus spectinomycin-treated plants when we considered the standard errors (Data S3), with 55 RNAs showing a reduction of more than twofold. These reductions were seen for both PEP-and NEPdriven mRNAs. In addition, psbK, psbL, ycf3, rps7, psbZ, psbE and psaC showed mean reductions that were within the standard deviation of the experimental replicates. Our findings do not reflect a systematic error (e.g. a normalization error), as a small number of RNAs were found to be similarly affected in both tissue types (e.g. the two tested rRNAs, along with the psbA, psbI rps12A, rpl2 and rps14 mRNAs), and because they are confirmed by RNA gel blot hybridisations (see below). Thus, our results indicate that, relative to wt plants, cp33a mutants exhibit a global reduction in mRNA levels that is most pronounced for PEPdependent RNAs, and is more severe than that seen in plants subjected to pharmacological inhibition of chloroplast translation.
To confirm the qRT-PCR results, we performed RNA gelblot hybridization using RNA prepared from Col-0 plants, cp33a mutants and the spectinomycin-treated phenocopy control described above. To additionally test a mechanistically distinct inducer of albinism, we prepared a second phenocopy control by growing Col-0 on norflurazon-containing medium, which induces radical oxygen stress by blocking carotenoid synthesis, and thus leads to albinism. We analyzed essential genes such as those encoding several ribosomal subunits (rps2, rps8, rps15), a RNA polymerase subunit (rpoC1), a protease subunit (clpP) and an acetyl CoA carboxylase subunit (accD; Figure 6a ). These genes are predominantly transcribed by NEP and the knockout of most of these genes leads to a loss of plant cell development (Kuroda and Maliga, 2003; Kode et al., 2005; Tiller et al., 2012 Figure 5 . Plastid transcript levels in the cp33A-1 mutant line. Transcript quantities were assayed by quantitative RT-PCR, and are shown as log 2 ratios obtained from extracts of cp33A-1 or spectinomycin-treated plants versus wild-type (wt) plants. The nuclear gene, actin, was detected for normalization. The genes are sorted according to their physical locations on the plastome. The full data are presented in Data S4. Genes known to be transcribed by nuclear-encoded RNA polymerases are shaded in gray.
complex), psbA (photosystem II), psbF (photosystem II), ycf3 (photosystem I), petB (cytochrome b 6 f complex) and rbcL (stromal RuBisCo); Figures 6b and S8] . Components of the photosynthetic machinery encoding mRNAs were dramatically reduced in the cp33a mutants and phenocopy controls (Figure 6b ). These mRNAs are predominantly (ndhB, ycf3) or exclusively (psbA, psbF, rbcL) produced by PEP. Since blockade of chloroplast protein accumulation affects PEP, it is unsurprising that a reduction in mRNA levels occurs in tissue that fails to (a) (b) Figure 6 . Analysis of transcript accumulation in cp33a-1 mutants. Total leaf RNAs from wild-type (wt) plants, spectinomycin-treated plants and cp33a-1 mutants were resolved on 1.2% agarose gels and probed for the indicated plastid RNAs (see Table S1 for primer sequences). The cytosolic 25S rRNA (25S) was stained with methylene blue to verify equal loading.
(a) Transcript patterns for genes that are essential for plant cell development. Asterisks mark precursor transcripts, which are strongly increased in spectinomycin-treated plants but not in cp33a-1 mutants, relative to wt plants. Black dots mark shorter RNA species that are reduced relative to the levels observed in spectinomycin-treated controls.
(b) Transcript patterns for genes that are important for photosynthesis but not essential for plant development. As an additional control, RNA from norflurazon-treated, albino plants was analyzed for selected genes as well. A shorter exposure for the petB analysis is shown in Figure S7 . [Colour figure can be viewed at wileyonlinelibrary.com].
accumulate chloroplast proteins, like spectinomycin-treated tissue or cp33a mutants. A similar trend was seen for tRNAs ( Figure S9 ), which are also mainly driven by PEP (Williams-Carrier et al., 2014) and are thus reduced in albino CP33A-deficient tissues despite not being targets of CP33A in co-immunoprecipitation experiments. Norflurazon-induced albinotic tissue led to very similar RNA effects to spectinomycin-treated tissue and was therefore not further analyzed. The situation was more complex for the gene set produced predominantly by NEP, which showed different transcript patterns between spectinomycin-treated plants and cp33a mutants Figure 6a ). In spectinomycin-treated tissue, several transcripts produced by NEP, particularly longer ones (>3 kb; e.g. for rpoC1, rps2, rps15, rps8 and clpP) were found to be over-accumulated relative to wt. This is a well-described phenomenon that can be explained by the increased activity of NEP in albino tissue (Emanuel et al., 2004) . In cp33a mutants, this trend to overaccumulate NEPdependent transcripts relative to wt was also seen (e.g. for rpoC1, rps15 and clpP). In comparison with spectinomycin controls, shorter transcripts often accumulated to similar levels, while longer precursor RNAs were strongly reduced (marked by asterisks in Figure 6a ). This was particularly striking for rps8, whose precursor RNAs were not detected at all in the cp33a mutants. For rps2 and ycf2, the cp33a mutants showed similar over-accumulations of longer precursor RNAs, whereas the shorter RNA species were reduced relative to the spectinomycin-treated controls (marked by black dots in Figure 6a ). Together, these analyses demonstrate that cp33a mutants exhibit a massive loss of chloroplast RNAs relative to wt. Our usage of a spectinomycin-treated control reveals that this loss is at least in part a secondary effect of albinism, but is overlaid with distinctive effects due the loss of CP33A. Specifically, loss of CP33A globally decreases transcript accumulation beyond the level of albino controls and in addition leads to a destabilization of several longer precursor RNAs relative to albino controls.
Unspliced mRNAs are less stable than spliced mRNAs in cp33a mutants
Since other cpRNPs have been shown to affect the chloroplast RNA splicing of certain mRNAs (Kupsch et al., 2012) , we determined the accumulation of spliced versus unspliced mRNAs in cp33a mutants, spectinomycin-treated and wt plants. We amplified unspliced and spliced transcripts from cDNA preparations using quantitative (q)RT-PCR assays that were previously established for this task, as presented in Data S4 and previously described (de Longevialle et al., 2008) . We separately analyzed the accumulations of spliced and unspliced RNAs (Figure 7a,b) . Eight of the 12 spliced RNAs that we analyzed were unchanged or only slightly changed in cp33a mutants and spectinomycin-treated plants relative to wt plants (Figure 7a) . The remaining four, atpF, ycf3 (intron 2), petB and petD, were reduced more strongly in mutants and treated plants compared with wt. However, only small differences were observed in the results obtained from the two albino tissues -only spliced rpoC1 shows a marked reduction in cp33a mutants relative to wt. In contrast, there was a pronounced difference in accumulation of unspliced RNA among the three tissue types. Spectinomycin-treated tissues displayed over-accumulation of unspliced RNAs relative to wt for 9 of the 12 analyzed mRNAs. This, together with the observed reductions in most of the corresponding spliced RNAs, suggests that these plants suffer from decreased splicing efficiency. A previous study showed that a loss of chloroplast translation affects the expression of MatK, a splicing factor for group IIA introns, which could explain the reduced splicing efficiency in albino tissue affected in chloroplast translation (Vogel et al., 1997) . For cp33a mutants, we found that the unspliced RNAs were much more strongly reduced compared with spectinomycin-treated plants (Figure 7b ). All unspliced RNAs are reduced by at least a factor of 2, several by a factor of four or even stronger. This demonstrates that CP33A is required for steady-state levels of unspliced chloroplast RNAs. Since chloroplast introns are in the range of several hundred to a thousand nucleotides, this further corroborates our finding that longer, in this case unspliced, transcripts are particularly sensitive to loss of CP33A.
DISCUSSION

CP33A is a global RBP that defines a stromal ribodomain in chloroplasts
Only a few of the many RBPs in chloroplasts show broad ligand spectra. This is exemplified by the highly specialized PPR proteins, which bind to only one or very few RNA species (Barkan and Small, 2014) . In contrast, members of the cpRNP family appear to be generalists among the chloroplast RBPs; they bind to multiple RNAs and show a preference for mRNAs, as previously demonstrated by RIP-Chip analyses of CP31A and CP29A (Kupsch et al., 2012) . Our analysis of the nuclear-encoded chloroplast-localized cpRNP CP33A reveals an even more extreme case, as this protein co-precipitates with all chloroplast mRNAs and thus broadly impacts the chloroplast mRNA pool. Moreover, our quantitative analysis demonstrated that CP33A associated with a large fraction of each analyzed mRNA. For example, our quantitative dot-blot analysis revealed that CP33A co-precipitated with most of the psbF and rbcL transcripts. Since some CP33A-RNA interactions are likely to be lost during co-precipitation experiments, our results define a lower limit of mRNA association. Thus, we conclude that CP33A appears to absorb a major fraction of many if not all mRNAs. The utilized assays did not examine whether the interaction is direct, such as via the two RRM domains of CP33A. Given that all of the cpRNPs tested to date in this respect have been found to directly bind RNA, including the CP33 homolog in tobacco (Li and Sugiura, 1991; Ye and Sugiura, 1992) , it seems likely that CP33A also exerts its functions in direct physical contact with its target RNAs, not via additional mediator proteins, although such a scenario cannot yet be excluded by our analysis.
Our localization study of CP33A demonstrated that the protein is found in the stroma, where it exhibits a diffuse signal throughout large parts of the chloroplast, with some more focused stromal subdomains. The latter areas of strong CP33A signal do not correspond to chlorophyll fluorescence or the PEND protein (a marker of chloroplast nucleoid distribution). Together with the results from our RNA-binding analysis, this suggests that CP33A defines a stromal area enriched in chloroplast mRNA that we herein name a 'ribodomain'. Many of the RNAs bound by CP33A encode membrane proteins, and are thus translated on membranes. Since CP33A was excluded from polysomal fractions and showed much lower co-precipitation with tRNAs or rRNAs compared with mRNAs, we conclude that the CP33A ribodomain has a function that is distinct from chloroplast translation.
CP33A is required for the stability of selected polycistronic precursor RNAs
Similar to translation-defective mutants, spectinomycintreated plants are defective in production of the plastidencoded PEP subunits, and thus in PEP activity and the expression of RNAs encoding PEP-driven genes, such as psbA (Zubko and Day, 1998) . As a compensatory measure, NEP activity is increased in such mutants. Therefore, PEPdeficient tissues show over-accumulation of RNAs for NEPdriven genes (Legen et al., 2002) . In cp33a mutants we did not observe over-accumulation of NEP-dependent RNAs, but the accumulation pattern of the various chloroplast transcripts was qualitatively similar to that observed in spectinomycin-treated plants, including an abundance of NEP-dependent transcripts. There was, however, an important quantitative difference: almost every RNA was at least twofold lower in cp33a mutants than in spectinomycintreated seedlings.
Several members of the cpRNP family have been demonstrated to have an impact on RNA accumulation in chloroplasts. For example, tobacco cpRNPs were shown to stabilize the psbA mRNA in in vitro RNA degradation assays (Nakamura et al., 2001) . The Arabidopsis cpRNPs CP31A and CP29A are reportedly required to ensure the stability of various plastid mRNAs under cold-stress conditions (Kupsch et al., 2012) . Run-on transcription assays indicated that this did not reflect an effect on transcription (Kupsch et al., 2012) , as further supported by observations that cpRNPs have a much lower affinity for DNA than RNA (Li and Sugiura, 1991) . We do not yet know precisely how cpRNPs increase the stability of mRNAs, but their broad target range suggests that cpRNPs may protect endonuclease-sensitive sites. Intriguingly, we observed that longer transcripts, such as polycistronic precursor RNAs, were preferentially lost in cp33a mutants. Examples include the rps15, rps8, clpP and ycf3 precursor transcripts, which were all reduced relative to the spectinomycin-treated phenocopy control while their corresponding shorter transcripts accumulated to similar levels ( Figure 6 ). These long transcripts will have more RNase-sensitive sites (e.g. in their intergenic regions or introns) than their cognate mature mRNAs, and will therefore require more CP33A-mediated protection than shorter transcripts. Since this phenomenon was not seen for all transcripts (e.g. rps2 did not show any precursor-specific reduction; Figure 6 ), we assume that there is redundancy with other cpRNP proteins and/or differences in the RNase sensitivities of various transcripts. We therefore herein propose that CP33A stabilizes RNAs, particularly long RNAs, against degradation, and that the loss of this stabilizing effect in cp33a mutants acts alongside the decreased PEP activity and increased NEP activity of albino mutants.
CP33A is essential for chloroplast and plant development
Our results show that CP33A is essential for chloroplast and plant development. Homozygous null mutants require an external carbon source for survival; chlorophyll accumulation is blocked, and even on supplemented medium, cp33a seedlings display minimal growth and morphological alterations of their shoots, leaves and roots. This indicates that CP33A is essential for setting up the photosynthetic machinery, while also playing a more general role in chloroplast gene expression. Although its ability to protect chloroplast RNAs could explain the overall decrease in RNA accumulation seen in cp33a versus spectinomycin-treated plants, this ignores the primary defect that leads to albinism. Given the multitude of essential mRNAs served by CP33A, it is difficult to pinpoint the exact primary lesion. The dysregulation of many chloroplast genes, such as those for ribosomal proteins or essential enzymes (e.g. acetyl CoA carboxylase or the Clp protease) could lead to such a phenotype (Kuroda and Maliga, 2003; Kode et al., 2005; Tiller et al., 2012) . In addition to being essential for chloroplast development, these genes also have an impact on the overall plant body plan (i.e. embryonic and leaf development) (Kuroda and Maliga, 2003; Kode et al., 2005; Bryant et al., 2011) . Importantly, the mRNAs for the ribosomal-protein-encoding genes accD and clpP are bound by CP33A according to our RIP-Chip analysis, and show aberrant accumulation patterns in cp33a mutants. Chloroplast translation is known to be essential for embryonic development in dicotyledonous plants, probably due to the importance of the chloroplast-encoded proteins AccD, ClpP, YCF2 and TIC214 (Bryant et al., 2011) . While it seems unlikely that CP33A would play a direct role in the translation of such mRNAs, given that it is not associated with rRNAs (and thus ribosomes), it may still have indirect effects on the biogenesis of the translational apparatus. We speculate that multiple direct effects on the stability of essential mRNAs, together with indirect effects on translational-apparatusencoding mRNAs, combine to prevent normal chloroplast and seedling development in cp33a mutants.
Since knockout of chloroplast translation is embryoniclethal in Arabidopsis and tobacco (Bryant et al., 2011; Tiller et al., 2012) , and since loss of ClpP, AccD, YCF2 and TIC214 is not tolerated by dicots (Drescher et al., 2000; Kuroda and Maliga, 2003; Kode et al., 2005) , it is unlikely that CP33A completely blocks the expression of any of these genes. Rather, the combined reductions in their expressions could yield an embryo that is capable (barely) of germinating and surviving in the presence of sugar. This could be analogous to mutants of the CRM-domain protein CFM2, or the mTERF protein BSM, which reduce but do not obliterate the splicing of clpP (Asakura and Barkan, 2007; Babiychuk et al., 2011) . These mutants germinate poorly if at all, are albino, grow extremely slowly, and display aberrant leaf phenotypes reminiscent of the cp33a mutant. A similar phenotype was also observed when mutants of the alpha subunit of chaperonin 60 were grown on MS medium (Apuya et al., 2001) . Chaperonin 60 is presumed to be involved in chloroplast protein folding, and thus affects the functioning of numerous proteins and pathways.
In sum, the phenotypes observed in cp33a mutants are consistent with our contention that CP33A plays a broad role in the expression of chloroplast genes, and that it may act indirectly by reducing, but not completely blocking, chloroplast translation. Albino plants, which suffer from pleiotropic alterations, are not suitable for experiments aimed at assessing this hypothesis. In the future, additional work using hypomorphic or conditional mutants of CP33A should provide important insights.
EXPERIMENTAL PROCEDURES Plant material and growth conditions
Arabidopsis thaliana cpRNP T-DNA insertion lines (cp33a-1: SALK_151814, cp33a-2: SALK_102657, cp33a-3: CS16232) were obtained from the ABRC (Arabidopsis Biological Resource Center) (Alonso et al., 2003) and grown together with wt A. thaliana (ecotype Columbia-0) on soil or on MS medium (M0222; Duchefa, https://www.duchefa-biochemie.com/) containing sucrose (30 g L À1 ) with a 16-h light/8-h dark cycle at 23°C. To obtain cp33a phenocopy plants, spectinomycin (500 lg ml À1 ) or norflurazon (1.5 lg ml À1 ) was added. Integration of T-DNA in mutant lines was analyzed by performing standard PCR reactions on total DNA followed by sequencing using gene-specific and T-DNA-specific primers.
Antibody production
The C-terminal end of CP33A is unique within the cpRNP protein family. Therefore two peptides from this region were used for immunization of rabbits and the subsequent production and affinity purification of two polyclonal antibody eluates by Pineda (http:// www.pineda-abservice.de/main.php). (NH2-CALRLNLASEREKPT-CONH2, in the following named anti-CP33A-a; NH2-CEGETEEA-SLESNEVLSNVSA-CONH2, in the following named anti-CP33A-b).
Chloroplast isolation and separation of membranes and stroma
Chloroplasts were isolated from 14-day-old plants according to established protocols (Kunst, 1997; Kupsch et al., 2012) . Chloroplasts were disrupted in 200 ll of extraction buffer (2 mM DTT, 200 mM potassium acetate, 30 mM HEPES, pH 8.0, 10 mM magnesium acetate and proteinase inhibitor cocktail) by pulling them through a syringe (0.4 mm 9 20 mm) 40 to 50 times. Membranes and stroma were separated by centrifugation at 21 000 g at 4°C. Membranes were washed four to five times in extraction buffer.
Co-immunoprecipitation
Three microliters of affinity-purified anti-CP33A-b was used to coimmunoprecipitate CP33A from 200-600 lg of stroma protein which was diluted with one volume of co-immunoprecipitation (CoIP) buffer [150 mM NaCl, 20 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, 1 mM EDTA, 5 mM MgCl 2 and 0.5% Nonidet P-40). The mixture was rotated for 1 h at 4°C and 12 rpm on an overhead shaker and for 1 h after adding 25 ll of magnetic beads (SiMAG-ProteinG, chemicell, http://www.chemicell.com/). The pre-immune serum of anti-CP33A-b or purified immunoglobulins (purified rabbit IgG, Sigma) were used as controls. Beads containing the immunoprecipitated protein and its bound RNAs were collected magnetically and the supernatant was retained. The precipitate was washed three times in CoIP buffer. CP33A precipitation was confirmed by immunoblot analyses.
RIP-Chip analyses
The microarray design was previously described in Kupsch et al. (2012) . Co-immunoprecipitated RNA of pellet fractions and RNA of supernatants was first incubated with 1% SDS and 5 mM EDTA for dissociation of RNA-protein complexes followed by phenol/chloroform extraction. RNA was precipitated with ethanol, washed with 75% ethanol, air-dried and resuspended in 18 ll RNase-free water. Whole RNA from pellet fractions and 2000 ng from supernatants was labeled with 0.5 ll Cy5 and 1 ll Cy3 fluorescent dye, respectively (aRNA labeling kit, Kreatech Diagnostics, http:// www.kreatech.com). The labeling reaction, microarray hybridization and scanning were done as described in Kupsch et al. (2012) .
RNA gel blot analyses
Total RNA from 8-or 11-day-old Arabidopsis plants was extracted using TRIZOL reagent (Invitrogen, http://www.invitrogen.com/) following the manufacturer's instructions. Three to five micrograms of RNA was separated on an agarose gel containing 1.2% formaldehyde and transferred onto Hybond N membranes. Probe preparation and hybridization were carried out as described in Kupsch et al. (2012) .
Dot blot hybridization
RNAs isolated from pellet and supernatant fractions of a co-immunoprecipitation experiment were equally divided and mixed with denaturing buffer [66% deionized formamide, 7.7% formaldehyde and 1.39 3-(N-morpholino)propanesulfonic acid (MOPS) buffer, pH 7]. After RNA denaturation for 15 min at 75°C and adding 209 SSC, the RNA mixture was blotted to Hybond N nylon membranes using a Bio-Dot SF microfiltration apparatus (Bio-Rad, http:// www.bio-rad.com/). The membranes were washed in 59 SSC, UV cross-linked at 150 mJ cm À2 and stained with methylene blue. Hybridization with radioactively labeled riboprobes was carried out as described in Kupsch et al. (2012) .
Immunoblot analyses
Proteins were separated by SDS-PAGE and blotted to Hybond-C Extra Nitrocellulose membranes (GE Healthcare, http:// www3.gehealthcare.com/). Antibody hybridization and detection were described previously (Kupsch et al., 2012) . Quantification of immunoblots was done with a Chemidoc XRS+ Imager and Quantity One software (Bio-Rad).
Polysome analyses
Polysomes were prepared from 400 mg of 14-day-old Arabidopsis plant tissue, which was ground in 1 ml of polysome extraction buffer and size-fractionated in analytical sucrose gradients as described in Barkan (1993) . RNA and proteins were extracted from each fraction and analyzed on an agarose gel and by immunoblot analyses, respectively.
Localization studies
Total wt RNA was used for cDNA generation using SuperScript III Reverse Transcriptase (Invitrogen, http://www.invitrogen.com/) and following the manufacturer's instructions. The complete cDNA sequence of CP33A was amplified by PCR and ligated into a vector containing the GFP coding sequence via XhoI and NcoI restriction sites (for primers see Table S1 ). This construct was under the control of a 35S promoter. The PEND-dsRed construct under constitutive control of the ubiquitin promoter (pUbi) was kindly provided by Dr R. Lorbiecke and Dr J. Kluth (University of Hamburg, Germany). Transfection of a suspension culture of A. thaliana mesophyll cells grown in MS medium with the CP33A-GFP-and PEND-dsRed-fusion constructs was performed as described elsewhere (Fuss et al. 2013) . Transfected cells were identified and documented using a Zeiss 510 Meta confocal laser scanning microscope and the ZEISS LSM IMAGE BROWSER software (http://www.zeiss.com/).
Quantitative RT-PCR
Quantitative RT-PCR for measuring abundances of chloroplast transcripts was performed using SYBR Green I Master Mix (Roche Applied Science, https://lifescience.roche.com/) and primer pairs listed in Data S3 and S4 as previously described (Falcon de Longevialle et al., 2008) on a LightCycler 480 real-time PCR system (Roche Applied Science). The nuclear ACT genes (At1g49240, At3g18780) were used for data normalization. Relative transcript a YFF grant to KK (180662/V40) from the Research Council of Norway (RCN). The antisera against PsaD, PetD and PsaA were kindly provided by Alice Barkan (University of Oregon, USA) and the pUBI-PEND-dsRed construct was a gift of Ren e Lorbiecke and Jantjeline Kluth (University of Hamburg, Germany). The 'BioImaging platform' at UiT is acknowledged for granting us access to their CSLMs. The authors have no conflicts of interest to declare.
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